Cf/SiC composite was brazed to Ti-alloy by using interlayer of Ag-Cu-Ti-C mixed powder. Microstructure and both the room temperature and 500 C shear strengths of the brazed joint were investigated. In situ synthesized TiC x (x 1) is formed in the brazing layer of the joint by the reaction of C and Ti in the brazing layers and provides good reinforcement and alleviation of the joint thermal stress.
Introduction
Carbon fiber-reinforced SiC ceramic matrix (Cf/SiC) composite, which can combine the strength and high temperature properties of SiC ceramics with improved toughness, has been considered as a desirable high-temperature structural material. 1) In some applications it is necessary to join the composite to some metals, for example, joining to Tialloy, which is important in aerospace field. But there is little information about the joining of the composite.
Brazing, as a convenient and promising means, has been widely used in the joining of ceramics. Using Ag-Cu-Ti active brazing filler, SiC ceramic was brazed to some metals such as Cu, Ni, 2) TiAl. 3) But the joints performed by Ag-CuTi have two problems of low strengths at high temperature and large thermal stress caused by the high thermal expansion coefficient (CTE) mismatches between the materials to be jointed and brazing layer. The stress is also a common problem and ceramic-metal joints have larger stress than ceramic-ceramic joints. 4) This problem may be alleviated by the addition of a low CTE material such as Al 2 O 3 , 5) SiC, 6) TiN 7) ceramic particles and short carbon fibers 8) in the brazing alloys. Another problem concerning the high temperature strength of the brazed joints has been paid litter attention and still remain to be solved.
As Ag-Cu-Ti alloy possesses good wettability with ceramics and an appropriate brazing temperature for brazed Ti-alloy, not causing degradation of the Ti-alloy, it was used in this work for brazing the composite to Ti-alloy. Cf/SiC composite should possess low CTE, due to low CTEs of C fibers and SiC. Compared with added ceramic particles, insitu synthesized ones can provide better reinforcing effects, due to their fine size, uniform distribution, good cohesion with matrix and no wettability problem. Therefore, in order not only to decrease CTE mismatch but also to more effectively increase high temperature strengths of the brazed joints to meet actual requirement, in-situ synthesizing TiC of low CTE was explored in the brazing layer by adding C powders into Ag-Cu-Ti brazing alloy powder. Thanks to a great deal of Ti diffused into brazing layer from brazed Ti alloy during brazing, it is possible to in-situ synthesize TiC.
This letter demonstrates feasibility of in-situ synthesizing TiC at a comparatively low temperature as well as the microstructure and shear strengths at 25 C and 500 C of the performed joint.
Experimental
The materials used to be joined are Ti-6Al-4V (mass%) alloy (cylinders of È15 Â 4 mm) and 3D-Cf/SiC ceramics matrix composite (6 Â 5 Â 4 mm blocks) with three point bending strength of 400 MPa at 25 C, density of 2.0-2.1 g/ cm 3 , porosity of 10-15 vol% and carbon fibers volume fraction of 45-50%. The surfaces to be joined were ground by 320 grit silicon carbide papers for the composite or by 60 grit for Ti-alloy and then cleaned in ethanol and dried at about 50 C prior to brazing. The used brazing powder compositions and sizes are as follows: 67.6Ag-26.4Cu-6Ti (mass%) alloy powder (À320 mesh), colloidal graphite (C for short) powder with average particle size of 4 mm and moisture content under 0.5 wt%. C volume fraction accounted for about 10% of total volume of the brazing material was added in Ag-Cu-Ti alloy powder and then evenly mixed with ethanol into paste and applied between the composite and Ti-alloy by coating on the 6 Â 5 mm surface of the composite. By controlling the amount of the paste applied, the final brazing layer thickness was controlled at about 300 mm. The coaxial assemblies of Cf/SiC composite and Ti-alloy were brazed at 900-950 C for 5{30 min under a pressure of about 2:2 Â 10 À3 MPa in a vacuum furnace with vacuum levels better than 6 Â 10 À3 Pa. To characterize microstructure of the joints, the polished cross-sections of the brazed joints were examined by means of a LEO-1450 scanning electron microscope (SEM) equipped with a KEVEX Sigma energy dispersive spectrometer (EDS). The joint brazing layer was separated from composite and subjected to X-ray diffraction (XRD) with CuK a radiation. Room temperature and 500 C shear tests were conducted by means of a specially designed fixture in air at a crosshead rate of 0.5 mm/min and the average strength of the three joints brazed under the same conditions was used.
Results and Discussion
For comparison, Fig. 1 present the microstructure of the * Corresponding author, E-mail: jihuahuang47@sina.com joint brazed by Ag-Cu-Ti at 900 C for 5 min, which has maximal strength (102 AE 21 MPa at 25 C and 51 AE 13 MPa at 500 C) among the joints brazed by the Ag-Cu-Ti alloy. It can be seen from Fig. 1 that there are cracks near the joined surface of the composite as marked in Fig. 1 , where exist a large residual stress according to the stress analyses of the ceramic-metal joint. 9) Further increasing brazing temperature and holding time will result in decrease of shear strengths of the joints brazed by Ag-Cu-Ti, but are necessary for Ag-Cu-Ti-C brazing material in order to obtain a high joint strength. Figures 2(a) and (b) are the view with the same magnification as Fig. 1 and higher magnification view of the joint brazed by Ag-Cu-Ti-10 vol%C at 950 C for 5 min, respectively. They both show that the dense brazing layer has a good adherence to the composite and there is no crack in the joint, indicating that the joint thermal stress has been reduced. X-ray diffraction confirms that TiC and Ti 8 C 5 , which are here synthetically expressed as TiC x (x 1), form in the brazing layer. High magnification view of the brazing layer [see Fig. 2(c) ] shows that dark color residual C particles existing with surrounding lighter shade TiC x almost evenly distribute in the brazing layer; these can also be observed in Fig. 2(b) , indicating that the added C is almost evenly distributed. C reacts partially with Ti in the brazing layer, forming many small TiC x grains evidenced as light black dots in the brazing layer of Fig. 2(d) or as light dark particles in Fig. 2 (e) when a bigger enlargement factor was used. It can be seen from Fig. 2(b) that there is a wide interfacial diffusive-reactive region between the brazing layer and Tialloy, which, by the help of EDS, was determined to be composed of Ti 2 Cu phase (gray), Ag phase containing a small amount of Cu element (white) and dark gray color eutectic microstructure of Ti-alloy matrix and very Ti 2 Cu particles, which can be clearly seen when a large magnification factor is used. During brazing process, the applied AgCu-Ti alloy melted in term of Ag-Cu-Ti phase diagram 10) and formed liquid phase in which Ti element was constantly dissolved from the brazed Ti alloy and Cu in the liquid phase also diffused into the Ti-alloy, forming above interfacial Ti 2 Cu compound. Some of the Ti 2 Cu compound dissolved into brazing layer and left behind the pores to be filled by the low melting point Ag phase during cooling, resulting in the existence of the interfacial Ag phase.
The mechanism of in-situ synthesizing TiC x can be speculated as the processes of dissolution of added C in the Ag-Cu-Ti liquid of brazing layer and precipitation in the reaction product of TiC x . When the Ag-Cu-Ti liquid phase was solidified during cooling, Cu-Ti phases with different Ti contents and Ag phase were formed, appearing to be gray for Cu 2 Ti phase and light gray for CuTi phase and white for Ag phase in the brazing layer in Fig. 2 . TiC x grains distribute in these matrix phases. Due to their bigger sizes and C low dissolution velocity into the liquid phase, some C particles incompletely react and leave behind C cores.
Ti element can react with SiC ceramic 11) and carbon fibers. 8) As the reaction of Ti in brazing layer with the SiC matrix in the composite is more violent than with the carbon fibers, the protrusion of the carbon fibers is appeared as shown Fig. 2(b) . This appearance should be beneficial to increase interfacial bonding strength between the composite and brazing layer. The composition of brown color phase marked A in the brazing layer near the composite (see Figs. 2(b) and (c) ) is 73.58 Ti-15.65Cu-2.82Al-3.14Si-0.31C (at%), determined by electron probe X-ray microanalyzer (EPMA-1600). This phase should be relevant to the reaction of the SiC matrix with Ti element and the Al element in the composition comes from the diffusion of Al in the brazed Tialloy.
A close look at the interface between brazing layer and the composite is given in Fig. 2(d) , which shows few microcracks in the SiC matrix of the composite close to the interface. The TiC x and residual C, possessing smaller CTE, should be able to reduce the residual thermal stress, according to Figs. 2(a) and (b) as well as previous researches [5] [6] [7] [8] about adding low CTE materials. Therefore, the formation of the cracks may be due to the lower interfacial bonding strength, which is originating from that the added C reacts with Ti element in brazing layer, depressing the interfacial reaction of the Ti element with the brazed surface of the composite beyond rational extent, as appropriate interfacial reaction is necessary to a high interfacial bonding strength.
The room temperature shear strength of the joints brazed by Ag-Cu-Ti-10 vol%C at 950 C for 5 min is 120 AE 18 MPa. It do not obviously increase compared with the preceding maximal strength of the brazed joints by Ag-Cu-Ti, which may be due to micro cracks in Fig. 2(d) . However, the 500 C strength of the joints with C addition remarkably increases, being 88 AE 11 MPa, which indicates the role of in-situ synthesized TiC x to high temperature strength of the joints.
Conclusion
Ag-Cu-Ti-C mixed powder can be used as brazing material to join Cf/SiC composite to Ti-alloy. Due to the action of Ag-Cu-Ti liquid phase during brazing, in-situ synthesized TiC x (x 1) is formed in brazing layer at a comparatively low temperature and provides good reinforcement and alleviation of the joint thermal stress.
